Abstract Field studies of pesticide effects on birds often utilize indicator species with the purpose of extrapolating to other avian taxa. Little guidance exists for choosing indicator species to monitor the presence and/or effects of contaminants that are labile in the environment or body, but are acutely toxic, such as anticholinesterase (anti-ChE) insecticides. Use of an indicator species that does not represent maximum exposure and/or effects could lead to inaccurate risk estimates. Our objective was to test the relevance of a priori selection of indicator species for a study on pesticide exposure to birds inhabiting fruit orchards. We used total plasma ChE activity and ChE reactivation to describe the variability in anti-ChE pesticide exposure among avian species in two conventionally managed fruit orchards. Of seven species included in statistical analyses, the less common species, chipping sparrow (Spizella passerina), showed the greatest percentage of exposed individuals and the greatest ChE depression, whereas the two most common species, American robins (Turdus migratorius) and gray catbirds (Dumatella carolinensis), did not show significant exposure. Due to their lower abundance, chipping sparrows would have been an unlikely choice for study. Our results show that selection of indicator species using traditionally accepted criteria such as abundance and ease of collection may not identify species that are at greatest risk. Our efforts also demonstrate the usefulness of conducting multiple-species pilot studies prior to initiating detailed studies on pesticide effects. A study such as ours can help focus research and resources on study species that are most appropriate.
Introduction
Pesticides have been shown to have adverse effects on birds in the field, even after lawful applications (Mineau et al. 1999; Stinson et al. 1994; Stone 1979) . Field studies can provide valuable information for assessing the hazards of pesticides to birds under conditions of operational use; however, because avian field studies can be resource intensive, their focus is often limited to one or a few targeted study species. These study species are utilized as biological indicators, and data collected on them are extrapolated to other avian species. Indicator species have been used in various conservation scenarios, and the indicator species concept may be used in wildlife toxicological field studies with the assumption that these species are similar or greater in their exposure and/or sensitivity than are other species (Greig-Smith 1990; Hardy 1990 ). However, not all species are necessarily equally capable of representing effects to all species. For example, studies have been conducted wherein adverse effects were not observed in the intended study species, but were noted in other species within the study sites (Millikin and Smith 1990; Powell, unpublished data) , or adverse effects were not observed in a study species because of specific behaviors that reduced exposure (Johnson et al. 1976 ). Within agroecosystems, birds occupy numerous niches resulting in varying degrees of exposure to pesticides, and their sensitivities are also known to vary (Hill 1992; Smith 1987 ; Thompson et al. 1995; Wiemeyer and Sparling 1991) . As a result, each species could differ in terms of its biological relevance as a sentinel of effects to other birds.
Methods of choosing indicator species have received attention in several areas of wildlife conservation, particularly in biological monitoring for determining the success of wildlife management and the maintenance of biodiversity (e.g., Andelman and Fagan 2000; Bani et al. 2006; Hutto 1998; Niemi and McDonald 2004; Thompson 2006) . For contaminants, the use of indicators has focused on persistent chemicals and choice of indicator species that are used as gauges of environmental quality (i.e., biomonitors) or as markers of effects that are typically long-term on wildlife populations. Species used for these purposes are selected to represent changes in contaminant levels in the environment and so those species must be able to persist despite exposure (Landres et al. 1988; Moore 1966) . However, little empirical data or guidance exists for choosing indicator species for contaminant studies with labile chemicals that have the potential for short-term but highly acute effects (GreigSmith 1990) . Indicator species used in field studies with pesticides are often selected on the basis of abundance and convenience in collecting data with that species (e.g., Millikin and Smith 1990 ; see also Bouvier et al. 2005; Burgess et al. 1999; Greig-Smith 1990; Jones 2003; Patnode and White 1991; Rondeau and DesGranges 1995) . Selection of a species based on its abundance may provide greater numbers of individuals for study and analysis, but a species may be abundant because it is less sensitive or does not receive the exposure necessary to result in a toxic effect. Species that utilize nest boxes, which are frequently used in bird contaminant studies, may be more easily captured, monitored, or manipulated (Jones 2003) , but these species have potentially lower exposure resulting from occupying a more protected nest site compared to species with more open nest sites.
Given, the paucity of information on relative sensitivities among species and the complexity of exposure that can occur in the field, the selection of an appropriate study species is imperative for understanding the true extent of the effects of pesticides to birds in the field. Our objective was to test the relevance of a priori selection of indicator species for a study on pesticide exposure to birds inhabiting fruit orchards.
Methods
All animal-handling procedures used in our study were approved by the Animal Care and Use Committees of U.S. Geological Survey Patuxent Wildlife Research Center, Laurel, MD and the University of Maryland, College Park, MD.
Study Sites
Field sampling was conducted in 1999 and 2000 at two pesticide-treated orchards near Kearneysville, West Virginia: the U.S. Department of Agriculture Appalachian Fruit Research Station and the West Virginia University Kearneysville Tree Fruit Research and Education Center (hereafter referred to as the USDA-treated site and the WVU-treated site, respectively). The USDA-and WVUtreated sites were approximately 202 and 63 ha in size, respectively, and contained several varieties of apple (Malus domestica) and peach (Prunus persica) trees. The USDA-treated site also contained small sections of pear (Pyrus communis) trees. Both treated sites included nonorchard habitat within and around them (other types of agricultural fields, pastures, wooded areas, residential areas, and roads); a small commercial orchard also bordered the USDA-treated site. During our sampling periods, non-orchard agricultural fields within the treated sites received no pesticide applications. Both treated sites were used for agricultural research, but most trees received conventional pest management at the time of our study. Both treated sites generally were divided into sections by crop/variety and agricultural experimental treatment and each section received pesticides approximately every 2 weeks on its own schedule. The two treated sites differed in that all sections at the WVU-treated site were generally treated at once whereas sections at the USDA-treated site were treated on different days such that new applications of pesticides occurred within that site every few days.
Organophosphates (OPs) and carbamates (CBs) were applied in both treated sites in both years. Principal OPs applied in both years were azinphos methyl (O,O-dimethyl S-[(4-oxo-1,2,3-benzotriazin-3-(4H) 
Sampling Methods
When entering the orchards during the Restricted Entry Intervals, all personnel wore the required personal protective equipment (USEPA 1992 [40 CFR §170.240] ). In 1999, birds were captured at the USDA-and WVU-treated sites from mid-May to mid-August. At both sites in 1999, mist nets were placed in three treated sections of the site, and operated for two to four consecutive days beginning no sooner than 4 h after pesticide applications (due to restrictions on re-entry and optimizing timing of bird capture during the day). In 2000, the sampling scheme differed between the two sites because pesticides were applied to the entirety of the WVU-treated site once every 2 weeks, whereas the USDA-treated site received pesticide treatments in a more piecemeal fashion. At USDA, pesticides were applied to different areas of the orchard every few days, and each treated area of the orchard received pesticides about once every 2 weeks. Sampling was conducted from mid-May to early August at the WVU-treated site. Nets were placed in four random locations around the WVU-treated site, and capture efforts were made at three times relative to a pesticide treatment: within 1 day prior, within 1 day after, and 1 week after. Sampling continued according to this schedule for five pesticide applications totaling 10 weeks. At the USDA-treated site, sampling was conducted between late-May and mid-July of that year. Mist nets were placed in four fixed areas of the site, and capture efforts took place for 2 days on a weekly basis. Sampling at USDA ceased due to low capture numbers after mid-July. No suitable reference site could be found in 1999, so reference samples were not collected in that year. Birds were captured weekly at the PRR reference site during lateJune through mid-August in 2000 and daily from late-May through early-August in 2001. Birds were captured between 19 and 25 July at the Paw Paw reference site in 2001. Nets were placed in areas where species of interest were seen or heard and were operated daily until capture success in those areas decreased.
In all years, mist nets were operated between 0600 and 0900 and between 1800 and 2000 h. Within the orchard sections, the nets were sited along a row of trees, and set up in a box-like arrangement on each side to catch birds flying in from all directions. At the PRR and Paw Paw reference sites, nets were similarly arranged as the habitat permitted. A wildlife caller (Johnny Stewart model 612-LR, Hunter's Specialties, Cedar Rapids, Iowa) playing Eastern screech owl (Megascops asio) calls was placed in the center of the nets to attract birds. Northern mockingbirds (Mimus polyglottos) and brown thrashers (Toxostoma rufum) appeared to be less reactive to the owl calls, so a recording of those species' songs was also played (songs were obtained from the Cornell Lab of Ornithology Library of Natural Sounds [now the Cornell Lab of Ornithology Macaulay Library]). Nets were also left open with no caller to capture birds that may have been deterred by the calls. Nets were checked for birds every 30 min. Birds were not marked at the treated sites, but if they showed evidence (e.g., matted feathers resulting from alcohol application) of having been sampled recently they were released. Birds were marked at the PRR and Paw Paw reference sites in 2001, and recaptures at that site were rare (26 out of 605 birds were recaptured), so it is probable that most of the samples taken at the treated sites and from the PRR reference site in 2000 were from different individuals.
Blood samples were collected from all birds captured at the WVU-and USDA-treated sites, regardless of species, age, or sex; corresponding species and age groups were selectively captured at the PRR and Paw Paw reference sites. Blood was collected via brachial venipuncture into heparinized capillary tubes. Samples were placed on ice and centrifuged on site within 1 h of collection at 13,5009g for 10 min. The plasma was transferred to an unheparinized collection tube and immediately frozen in liquid nitrogen. Plasma samples were stored in liquid nitrogen in the field (for less than 1 week) until they could be placed in permanent storage at -80°C.
Exposure Determination
Two types of ChE analyses were used to determine exposure of birds to anti-ChEs: total ChE measurement, which requires comparison to threshold values calculated from birds captured at reference sites, and ChE reactivation, which compares ChE activity in the same sample with and without a reactivation treatment to restore ChE activity to a non-inhibited state. Ideally, all samples would have been subjected to both the total ChE activity assay as well as the ChE reactivation assays. However, since plasma ChE activity is known to be highly variable, some exposures are more difficult to detect with comparison of total ChE activity to threshold values, and in some cases a sufficient number of reference samples could not be collected for some species. Reactivation techniques can capture more Environmental Management (2014) 53:416-428 419 subtle changes and do not require comparison to threshold values calculated from reference birds, but analyses for both OP and CB reactivation require more plasma than we were able to collect from some birds. Therefore, a decision was made about each plasma sample, based on its volume, to perform either the total ChE activity or ChE reactivation analysis, or both when possible. Comparison of these techniques in their ability to detect ChE inhibition and the effect of both types of ChE analyses on the results of this study are discussed below. ChE analyses were performed using a Spectramax 250 96-well microplate reader (Molecular Devices, Sunnyvale, CA). All reagents were purchased from Sigma-Aldrich Corp. (St. Louis, MO). Analyses were conducted using the methods of Ellman et al. (1961) as modified for a 96-well microplate reader (Gard and Hooper 1993) . Total ChE activity, expressed as micromoles of substrate (acetylthiocholine iodide) hydrolyzed per minute per milliliter of plasma (lmol/min/mL), was calculated as the mean of triplicate assays. ChE activity of control serum (Accutrol Ò control serum, Sigma-Aldrich Corp.) was analyzed at the beginning of each day and with every assay to assure the consistency of reagents and buffers.
Threshold values for determining exposure in total ChE assays were calculated as the value two standard deviations below the mean reference total ChE value for each age class (adult or juvenile) of each species (Hill and Fleming 1982) . Threshold values for each age class of each species were determined from data pooled across both years and reference sites, excluding samples exhibiting C10 % reactivation (see below) and/or total ChE activity of \0.30 lmol/min/mL. Data were separated by age because total ChE activity is known to vary by age. Sufficient numbers of reference birds were not captured for brown thrashers, blue jays (Cyanocitta cristata), common grackles (Quiscalus quiscula), song sparrows (Melospiza melodia), and house sparrows (Passer domesticus). Threshold values for these species were calculated from reference data provided by Dr. Michael Hooper (USGS, unpublished data), who used the same ChE assay procedures. Means and standard deviations were compared for similar species captured in this study and Dr. Hooper's studies, and were found to be similar (e.g., means differed by 3-9 %, standard deviations differed by 4-5 %).
Both OP-and CB-specific reactivation analyses were performed on plasma samples that were of sufficient volume. If only one type of reactivation analysis could be performed, the type was chosen based on the class of chemical most recently applied prior to each bird's capture. The oxime 2-PAM (pyridine-2-aldoxime methochloride) was used for reactivation of OP-inhibited ChE in our samples (see Hooper et al. 1989) . CB-inhibited samples were reactivated using the methods of Hunt and Hooper (1993) . Total ChE was considered to be reactivatable if mean activity of the 2-PAM-treated or CB-extracted aliquot was C10 % higher than the mean activity of the nontreated aliquot or pre-extraction sample and if a one-tailed Student's t test indicated that the difference between their means was significant at a = 0.05.
A bird was considered to have had anti-ChE exposure if its total ChE activity was below its critical threshold value and/or if its total ChE was reactivatable by C10 %. A paired Z test for proportions (of exposed to unexposed birds) was carried out to determine the level of agreement between the results of the two tests for exposure. Comparability was tested using the criterion that at least 90 % of the pairwise tests had to agree (i.e., H 0 : proportion of tests in agreement C0.9). Agreement in the results of the two tests was achieved (Z = 0.80, P = 0.57, n = 299).
Statistical Analyses
All statistical analyses were performed using SAS software (SAS version 8.2, SAS Institute, Cary, NC). Two types of data analysis were performed to determine if any differences in exposure existed among species: (1) comparisons of the frequency of individuals categorized as exposed as described above, and (2) comparisons of mean total ChE activity for each species between the treated-orchard sites and the reference sites. All tests were restricted to those species for which C10 individuals were captured. Tests of exposure frequency were performed using v 2 and Fisher's exact tests with experiment-wise a = 0.05. A Bonferroni adjustment was applied when multiple tests were performed. Mean ChE activities were compared to test differences among species for which sample sizes were of adequate size. Analyses were performed using ANOVA, and assumptions were met by log-transforming the data or partitioning error variance among groups with similar variance where necessary. Comparisons between orchard and reference sites within each species were performed using Tukey-Kramer HSD tests or Bonferroni adjustment.
Results

Species Studied and Overall Exposure
In 1999 and 2000, 306 and 814 individual birds, respectively, comprising 26 species, were captured and used in our study (Tables 2, 3 ). Twenty-four additional species were either observed at the sites and not captured, or were captured but excluded because insufficient numbers of reference birds were captured. These included: Northern bobwhite (Colinus virginianus), sharp-shinned hawk (Accipiter striatus), American kestrel (Falco sparverius), mourning dove (Zenaida macroura), common nighthawk (Chordeiles minor), ruby-throated hummingbird (Archilochus colubris), Northern flicker (Colaptes auratus), Eastern phoebe (Sayornis phoebe), great crested flycatcher (Myiarchus crinitus), Eastern kingbird (Tyrranus tyrranus), one unidentified flycatcher species, white-eyed vireo (Vireo griseus), American crow (Corvus brachyrhynchos), barn swallow (Hirundo rustica), Eastern bluebird (Sialia sialis), European starling (Sturnus vulgaris), cedar waxwing (Bombycilla cedrorum), yellow warbler (Setophaga petechia), common yellowthroat (Geothylpis trichas), Eastern towhee (Pipilo erythrophthalmus), grasshopper sparrow (Ammodramus savannarum), one unidentified sparrow species, rose-breasted grosbeak (Pheucticus ludovicianus), and orchard oriole (Icterus spurious).
Exposure was detected in all sampling events. The frequency of anti-ChE exposure among all birds included in the analyses did not differ between the two treated-orchard sites in either year (v 2 1 ¼ 0:24; P = 0.63, n = 308 in 1999; (17) 11 (28) 17 (29) 10 (20) 14 (49) 4 (45) Northern cardinal Cardinalis cardinalis 0 (8) 29 (7) 13 (15) 9 (23) 15 (20) 12 (43) 4 (71) Chipping sparrow Spizella passerina 36 (11) 75 (4) 47 (15) 17 (23) 25 (12) 20 (35) 2 (44) Field sparrow Spizella pusilla 8 (12) 20 (5) 12 (17) 21 (19) 0 (10) 14 (29) 3 (67) Song sparrow Melospiza melodia 0 (2) 50 (2) 25 (4) 29 (24) 20 (5) 28 ( (4) 33 (6) 20 (5) 27 (11) 17 (6) Indigo bunting Passerina cyanea 0 (3) -0 (3) 20 (5) 100 (1) 33 (6) 5 (42) Red-eyed vireo Vireo olivaceus
Wood thrush 
Worm-eating warbler
Helmitheros vermivorum
House wren Troglodytes aedon
Yellow breasted chat Table 3 Mean ChE activity ± SEM of each species captured at the orchard and reference sites in 1999 and 2000
Common names (4) 1.7 ± 0.16 (2) 1.8 ± 0.36 (6) 1.94 ± 0.07 (34) Chipping sparrow 1.5 ± 0.23 (10) 1.1 ± 0.26 (4) 1.4 ± 0.14** (14) 2.4 ± 0.28 (18) 1.5 ± 0.16*** (11) 2.0 ± 0.20 (29) 2.3 ± 0.14 (15)
Chipping sparrow 1.9 ± 0.57 (5) 1.48 (1) 1.8 ± 0.47 (6) 2.40 ± 0.09 (29) Northern cardinal 1.2 ± 0.20 (8) 1.3 ± 0.33 (5) 1.2 ± 0.15 (13)
1.5 ± 0.11 (15) 1.5 ± 0.13 (14) 1.50 ± 0.08 (29) 1.45 ± 0.09 (39)
Northern cardinal a -0.4 ± 0.21 (2) 0.4 ± 0.21 (2)
1.14 ± 0.05 (8) 1.1 ± 0.10 (5) 1.14 ± 0.05 (13) 1.33 ± 0.08 (32) Carolina chickadee 1.87 ± 0.09 (2) 2.5 ± 0.38 (8) 2.4 ± 0.32 (10) -2.7 ± 0.31 (8) 2.7 ± 0.31 (8) 2.7 ± 0.17 (37) Downy woodpecker 6 ± 1.48 (4) 4.0 ± 0.86 (3) 4.9 ± 0.92 (7) 6 ± 1.09 (9) 6 ± 1.01 (5) 6.2 ± 0.77 (14) 5 ± 1.35 ( 2.1 ± 0.31 (5) 0.90 (1) 1.9 ± 0.32 (6) 2.6 ± 0.19 (41) Red-eyed vireo (2) 1.47 ± 0.08 (6) 1.6 ± 0.12 (8) 1.80 ± 0.09 (36) Carolina wren ---1.1 ± 0.10 (5) 0.97 (1) 1.06 ± 0.09 (6) 0.71 ± 0.06 (25) Brown-headed cowbird ---1.9 ± 0.44 (3) -1.9 ± 0.44 (3) 1.92 ± 0.07 (51) v 2 1 ¼ 0:13; P = 0.72, n = 814 in 2000), so exposure frequency data were combined across sites within years. Exposure frequency was significantly higher among all birds at the treated orchard sites in each year compared to the reference sites, and was greater within the treated sites in 1999 than in 2000. Due to low numbers of some species in 2000, exposure frequency data were combined at the reference sites; and exposure was 4 % among all species at those sites. In 1999, 21 % of birds were exposed in the treated orchards (v 2 1 ¼ 88:41; P \ 0.0001, n = 1,084) and 14 % were exposed in 2000 (v 2 1 ¼ 51:89; P \ 0.0001, n = 1,590; Table 2 ). This equates to a rate of approximately one out of every five birds captured in 1999 and one out of every seven birds captured in 2000.
Species Differences Species differences were tested first by comparing the frequency of exposure between the treated and reference sites in seven species for which a sufficient sample size for statistical analysis was obtained. These species were: American robin (Turdus migratorius), house finch (Haemorhous mexicanus), Northern cardinal (Cardinalis cardinalis), gray catbird (Dumatella carolinensis), American goldfinch (Spinus tristis), field sparrow (Spizella pusilla), and chipping sparrow (Spizella passerina; Table 2 ). Age groups (adults and juveniles) were combined within species, and species were combined across both treated sites. Justification for combining these data is given in Borges (2002) . The proportions of exposed and unexposed individuals did not differ significantly between the seven species at the treated sites (Fisher's exact test, P = 0.07, n = 265 for 1999; P = 0.28, n = 674 for 2000) or at the reference sites (Fisher's exact test, P = 0.99, n = 409). In 1999, chipping sparrows and American robins demonstrated the highest exposure frequencies (47 and 29 %, respectively), whereas exposure was detected in fewer than 20 % of individuals in each of the other five species. When the proportion of exposed individuals was compared between treated and reference sites within each species, only chipping sparrows and American robins showed significantly higher proportions of exposed individuals at the treated sites compared to the reference sites (Fisher's exact test, P = 0.0002, n = 145 for robins; P = 0.0001, n = 59 for chipping sparrows, a = 0.007). Chipping sparrows and American robins, respectively, also exhibited the highest and second highest proportions of exposed individuals in 2000 (Table 2 ; chipping sparrows: 20 %, American robins: 16 %). However, statistical comparisons of exposure frequency between treated and reference sites within these two species did not show any significant differences. Species differences were also tested within years by comparing mean ChE activity between orchard and reference sites using ANOVA. Because of potential age differences in ChE activity (Gard and Hooper 1993) , mean ChE activity was determined separately for adults and juveniles within a species (Table 3) . Therefore, for discussion of this analysis and its results, these groups of birds are referred to as species-age groups. The above seven species used for analysis of the frequency of exposure were also used for statistical analysis of ChE activity. Because limited numbers of juveniles were captured for most species, only adults of six of these seven species were included in the analysis. Therefore, statistical analyses based on mean ChE activity involved eight species-age groups: adult house finch, Northern cardinal, gray catbird, American goldfinch, field sparrow, and chipping sparrow; and adult and juvenile American robins. Although some analyses required a transformation to meet the assumptions of the statistical tests, untransformed means of ChE activity are presented in Table 3 .
In 1999, 15 out of the 21 species-age groups had lower mean ChE activity in at least one treated-orchard site compared to the reference sites, while six showed equal or higher ChE activity (Table 3) . For the 1999 statistical analyses involving the eight species-age groups, ANOVA indicated no site by species-age group interaction (F 7,109 = 0.62, P = 0.74), and no site effects related to the two treated orchard sites, so the data for each species-age group were combined across the treated-orchard sites. Mean ChE was lower at the treated-orchard sites compared to the reference sites for all species-age groups except house finches, whose mean ChE activity was 8.7 % higher within the treated orchards. The degree of ChE depression was significant only among adult chipping sparrows (F 1,125 = 21.98, P \ 0.0001, a = 0.00625) and adult American goldfinches (F 1,394 = 9.42, P = 0.0023, a = 0.00625), whose orchard site means were 39.1 and 18.7 % below the reference means, respectively. ChE activity depression in other species-age groups included in the statistical analysis ranged from 3.2 to 16.5 % below their respective reference means.
Mean ChE activity was lower at one or both treated orchard sites compared to the reference sites for 22 of 34 species-age groups in 2000, while 12 showed equal or higher ChE activity (Table 3 ). The data from 2000 were natural log transformed for statistical analysis, but untransformed means are presented in Table 3 . The same species-age groups as used above were used for analysis of the mean ChE activity data from 2000. A significant difference in mean ChE activity was present between the USDA-and WVU-treated orchard sites (F 1,618 = 4.01, P = 0.0457); this was driven by a large difference in mean ChE activity for chipping sparrows between the two orchard sites. Therefore, an ANOVA was performed for adult chipping sparrows only, comparing log mean ChE activity separately between the USDA-and WVU-treated sites to the reference, and a separate ANOVA was performed with the remaining species-age groups comparing log mean ChE activity calculated from both treated orchard sites combined to the reference sites (similar to the 1999 analyses). ChE activity for adult chipping sparrows was significantly lower only at USDA (|t| = 3.72, P = 0.0017, n = 41), where log mean ChE activity (0.33 ± 0.1) was 39.0 % below the log mean for the reference sites (0.82 ± 0.09). Log mean ChE activity was only 3.4 % lower at WVU (0.79 ± 0.08) compared to the reference. ChE activity was lower at the treated orchard sites compared to the reference sites for nearly all of the remaining species-age groups, ranging 1.2-14.8 % below each species-age group's respective reference mean. The exception occurred in adult Northern cardinals, whose log mean ChE activity was 2.8 % higher at the treated-orchard sites compared to the reference sites. However, none of these relationships were significant.
Discussion
Many studies of pesticide effects on birds have been conducted in conventionally-managed fruit orchards (e.g., Bishop et al. 2000; Bouvier et al. 2011; Graham and DesGranges 1993; Johnson et al. 1976 ). These environments present complex exposure scenarios for birds because orchards receive multiple pesticides per application and multiple applications per season. Additionally, orchards attract many species of birds because they provide habitat for nesting and other resources (Bishop et al. 2000; Boutin et al. 1999; Bouvier et al. 2011; Burgess et al. 1999; Fluetsch and Sparling 1994; Johnson et al. 1976; Wilson et al. 2001) . Anti-ChE insecticides, which inhibit acetylcholinesterase, are still used in these and other agricultural environments, and because of their toxicity and nonselective mode of action, adverse effects have been observed over a wide taxonomic spectrum, including birds (e.g., Elliott et al. 2008; Gill et al. 2004; Parsons et al. 2010; Strum et al. 2010) . Because the occurrence of antiChE insecticide exposure in birds can be determined nondestructively (Fildes et al. 2009; Gard and Hooper 1993; Hill and Fleming 1982; Hooper et al. 1989; Hunt and Hooper 1993; Vergara et al. 2008) , study of these compounds in orchard-dwelling birds provided an avenue by which avian pesticide exposure was explored across many species in the current study.
We detected significant exposure among free-ranging birds at our treated orchard sites. We were not able to detect any specific pesticide-related trends in exposure using our data, since too many chemicals were present at any time to make this comparison possible. Table 1 provides a listing of anti-ChEs present during sampling, but it does not list the herbicides, fungicides, fertilizers, miticides, acaracides, and adjuvants that were present along with these insecticides. We noted an apparent year difference in our results, which may be attributable to the cancellation of methyl parathion applications in fruit orchards after 1999 (USEPA 1999). The toxicity of this chemical to birds is well documented (Fleischli et al. 2004; Robinson et al. 1988; Smith 1987; USEPA 2006) . However, in 1999 the region also experienced a drought with high temperatures, whereas in 2000 the weather was cooler and wetter. Birds exposed to antiChEs in 1999 may have been more physiologically stressed by high temperatures, lack of water, and/or drought-related decreased food supply, which may have affected their sensitivity (Grue et al. 1983; Rattner and Fairbrother 1991) . The wetter conditions in 2000 may have also diluted the pesticides, increased their chemical breakdown, or washed them away from our field sites. Neither of the treated sites had widespread irrigation, so it is not likely that more birds were attracted to them for this reason.
The exposure that we detected clearly differed among species, and our data show that some species of birds that we studied were better indicators of exposure to anti-ChEs than others at our study sites. Had we selected a priori only one or two passerine species as indicator species based on their abundance and ease of capture, the most likely candidates would have been our two most frequently captured species, American robins and gray catbirds. However, in terms of exposure frequency, American robins did not show greater exposure than any other species included in statistical analyses and gray catbirds varied in their exposure, even showing no significant exposure in 1 year. Furthermore, neither species had significantly reduced ChE activity in the treated orchards compared to their conspecifics in the reference sites in either year. Chipping sparrows were the least numerous among the seven species we included in statistical analyses and, therefore, would have been unlikely to be considered as indicator species at these sites. However, they consistently showed higher exposure frequencies than other species (except for one site in 2000) and greater mean ChE activity reduction. Thus, chipping sparrows appear to be better indicators of exposure than the presumptive species (American robins and gray catbirds). We conducted a study on anti-ChE exposure to birds in orchards using the presumptive indicator species, our results would have shown that passerines and similar birds were not significantly exposed in these orchards based on our methods of analysis.
To our knowledge, a method of choosing indicators for study of pesticides has not been clearly laid out. Greig- Smith (1990) outlines general guidance and offers six possible categories of indicator species choice based on the likelihood of exposure, expected sensitivity, degree of impact to a particular species, representativeness of typical characteristics of other species in the community, abundance, and ease of effects measurements. This guidance also cautions that not all of these criteria could be easily predicted, and that it may be desirable to study species from several categories. Except in cases where the impact to a particular species is of interest (e.g., a species that is endangered or otherwise of significant concern), our results show that none of these is necessarily reliable as a sole approach to choosing an indicator species. Therefore, some additional guidance on the choice of indicator species for studies with these compounds is needed.
One approach may be to utilize previously collected data, such as pesticide incidents and published field or laboratory pesticide studies. However, incident information can be biased toward conspicuous species (Vyas 1999) , and many factors may affect the sensitivity of a species in the field compared to the laboratory (Vyas et al. 2006 ). Knowledge gleaned from published studies like this one can also be useful, but care must be taken to ensure that a species that has been studied previously is appropriate given the pesticide of interest, exposure routes, season, study site environment, and geographic location. It is important also to consider all data available on a species and the influence of the methods used. For example, we relied solely on plasma ChE activity or plasma ChE reactivation, which do not indicate the degree of exposure or potential severity of effects, and our capture methods caught only birds that were able to fly (and presumably less affected than other birds). Reliance on only this method introduces a collection bias, which is a common problem in field studies that utilize free-ranging wildlife to examine pesticide effects (Fryday et al. 1996; Mineau and Peakall 1987) . Birds may be less able to fly or may seek cover when sickened (Mineau and Peakall 1987; Vyas 1999) , thereby preventing capture by our methods. This bias presents some difficulty in interpreting our findings. For example, overall exposure in the orchard may be higher than detected in our study because we were not able to capture the more greatly affected individuals. Additionally, American robins may have been heavily exposed and adversely affected, but due to their abundance they were quickly replaced by less-affected floater individuals from surrounding areas (Hensley and Cope 1951; Stewart and Aldrich 1951) . It is also possible that chipping sparrows are less sensitive to the anti-ChE exposures, and therefore their lower abundance may not be a reflection of adverse effects but an artifact of other aspects of their ecology (e.g., habitat preferences). Robins have frequently been the focus of orchard pesticide studies, and significant effects have been Environmental Management (2014) 53:416-428 425 observed in this species (Cobb et al. 2000; Fluetsch and Sparling 1994; Gill et al. 2000; Graham and DesGranges 1993) . However, Graham and DesGranges (1993) and Rondeau and DesGranges (1995) both reported significant plasma ChE depression in both chipping sparrows and robins in areas treated with OPs, but chipping sparrows were the only species to demonstrate significant brain ChE depression in Christmas tree plantations. The findings of these studies corroborate some of our results and contrast others. Therefore, reliance on previously collected data to focus species choice requires consideration of many factors that may have influenced the results.
Since the selection of indicator species for research is critical, and little species-specific information is currently available to aid in selection, greater focus on multiplespecies approaches would benefit researchers studying pesticide effects in the field. Full-scale studies with many species would yield valuable information on field effects, especially at the community level, but they are resource intensive. However, a study similar to ours conducted as a preliminary activity can characterize exposure at the avian community level, as well as refine directions for future research by identifying possible at risk species and by directing the experimental design. Additional observations, such as brain ChE analyses, behavioral observations, or supplemental pesticide residue analyses (e.g., on skin and feathers, see Vyas et al. 2007 ) would have aided in the interpretation of the implications of our data on speciesspecific exposure. Therefore, such a pilot study would benefit from the use of multiple measurements of exposure and effects, as well as multiple capture or observation methods, so as to avoid potential sampling bias and characterize more fully the potential effects of exposure. This approach would be an invaluable tool for selecting indicator species based on biological relevance, even if the amount of data collected in the pilot study could not be used in rigorous statistical analyses. Our study demonstrates the value of conducting multi-species screening to support the selection of indicator species for research.
